The use of carbon nanotubes in the industry has grown; however, little is known about their toxicological mechanism of action. Single-wall carbon nanotube (SWCNT) suspensions were administered by single intratracheal instillation in rats. Persistence of alveolar macrophagecontaining granuloma was observed around the sites of SWCNT aggregation at 90 days post-instillation in 0.2-mg-or 0.4-mg-injected doses per rat. Meanwhile, gene expression profiling revealed that a large number of genes involved in the inflammatory response were markedly upregulated until 90 days or 180 days post-instillation. Subsequently, gene expression patterns were dramatically altered at 365 days post-instillation, and the number of upregulated genes involved in the inflammatory response was reduced. These results suggested that alveolar macrophage-containing granuloma reflected a characteristic of the histopathological transition period from the acute-phase to the subchronic-phase of inflammation, as well as pulmonary acute phase response persistence up to 90 or 180 days after intratracheal instillation in this experimental setting. The expression levels of the genes Ctsk, Gcgr, Gpnmb, Lilrb4, Marco, Mreg, Mt3, Padi1, Slc26a4, Spp1, Tnfsf4 and Trem2 were persistently upregulated in a dose-dependent manner until 365 days post-instillation. In addition, the expression levels of Atp6v0d2, Lpo, Mmp7, Mmp12 and Rnase9 were significantly upregulated until 754 days post-instillation. We propose that these persistently upregulated genes in the chronic-phase response following the acute-phase response act as potential biomarkers in lung tissue after SWCNT instillation. This study provides further insight into the time-dependent changes in genomic expression associated with the pulmonary toxicity of SWCNTs.
Introduction
In recent years, the use of carbon nanotubes (CNTs) as carbonbased nanomaterials has increased and is expected to expand into more diverse industrial fields (e.g. electronic or constructional materials) owing to their extraordinary thermal conductivity, as well as their mechanical and electrical properties. However, with increasing development of nanotechnology, concern about the pulmonary toxicity of CNTs has also grown (Stern & McNeil, 2008) . The health impact to workers who are exposed to CNTs during manufacturing has been increasing; however, little is known about their toxicological mechanism of action. Poland et al. (2008) reported that intraperitoneal administration of long and straight multi-wall carbon nanotube (MWCNT) fibers in rodents resulted in asbestos-like pathogenic responses. Recent in vitro studies have indicated the cytotoxicity of MWCNTs in human lung or bronchial epithelial cell culture systems (Cavallo et al., 2012; Haniu et al., 2013; Hirano et al., 2010) . The pulmonary toxicity of MWCNTs in in vivo rodent models has also been reported Mitchell et al., 2007; Morimoto et al., 2012a; Porter et al., 2013; Treumann et al., 2013; Urankar et al., 2012) . A 90-day inhalation toxicity study with MWCNTs performed according to the Organization for Economic Co-operation and Development (OECD) test guidelines showed that increased lung weights, pronounced multifocal granulomatous inflammation, diffuse histiocytic and neutrophilic inflammation, and intra-alveolar lipoproteinosis were observed in lung and lung-associated lymph nodes at 0.5 mg/m 3 and 2.5 mg/m 3 (Ma-Hock et al., 2009) . A 13-week nose-only inhalation study with MWCNTs demonstrated that the induced pathological changes are consistent with overload-related phenomena (Pauluhn, 2010) . On the other hand, in vitro cytotoxicity assessment of single-wall carbon nanotubes (SWCNTs) on human lung or bronchial epithelial cell lines was demonstrated (Davoren et al., 2007; Fujita et al., 2013; Sargent et al., 2012) . In vivo experimental studies of rat lungs after intratracheal instillation of SWCNTs have been conducted to evaluate their acute pulmonary toxicity in rodents. Bronchoalveolar lavage fluid (BALF) analysis revealed that exposure to SWCNTs (5 mg/kg rat) produced transient inflammatory and cell injury effects until one month after instillation (Warheit et al., 2004) . In the impurity-free SWCNT-exposed group (2 mg/kg rat), acute lung inflammation and subsequent pulmonary granuloma accompanied by increased lung weights was observed, but no evidence of fibrosis, atypical lesions or tumor-related findings were observed until six months after instillation (Kobayashi et al., 2011) . In our previous study, histopathological examination, BALF analysis and enzyme-linked immunosorbent assay (ELISA) demonstrated that persistent pulmonary inflammation was observed in rat lungs until six months after instillation of SWCNTs (0.2 mg or 0.4 mg per rat) (Morimoto et al., 2012b) . These intratracheal instillation studies have primarily examined the acute-phase inflammatory response and recovery after instillation of SWCNTs. However, the longterm effects of SWCNTs on pulmonary toxicity after the acutephase inflammatory response remain unexplained.
Gene expression analysis is expected to elucidate the toxicological effects of nanomaterials relevant to specific histopathological phenotypes. We have previously analyzed gene expression profiles in rat lungs after intratracheal instillation of C 60 fullerenes (Fujita et al., 2009a (Fujita et al., , 2010 . The gene expression profiles demonstrated marked correspondence with results from other conventional methods such as immunohistochemical and BALF cell analysis. Guo et al. (2012) reported on the identification of MWCNT-induced gene expression patterns in a mouse model and determined that similar gene expression patterns in humans are associated with increased risk for lung cancer initiation and progression. These results suggest that comprehensive gene expression analysis can be useful in assessing the effect of nanomaterials on biological systems.
In this study, we performed DNA microarray-based gene expression profiling of the rat lung after intratracheal instillation with SWCNT suspensions at low-and high-injected doses (0.2 mg and 0.4 mg, respectively) in each rat. The expression levels of representative genes involved in the inflammatory response, response to oxidative stress and apoptosis after low-or high-dose intratracheal instillation of SWCNTs were determined. Gene ontology (GO) analysis was conducted to exhibit the alteration of gene expression patterns induced by SWCNTs in a timedependent manner (from 3 to 754 days post-instillation). In addition, the expressed genes that were highly upregulated with SWCNTs until 754 days after intratracheal instillation were screened in order to identify potential biomarkers in lung tissues after SWCNT instillation. We validated the observation that gene expression was persistently upregulated by SWCNTs in the chronic-phase response by immunostaining analysis. The gene expression data presented herein are expected to provide further insight into the pulmonary toxicity of SWCNTs at the transcriptional level, together with the histopathological findings.
Materials and methods

Test materials
SWCNTs, synthesized by the catalytic chemical vapor deposition method, were obtained from Nikkiso Co., Ltd. (Tokyo, Japan). A detailed description of the characterization of bulk SWCNTs was provided in our previous report (Morimoto et al., 2012b) . The geometric mean diameter of the tubes was 1.8 nm, and the specific surface area of the bulk SWCNTs was 877.7 m 2 /g, as measured by using the BET method (Autosorb-1-C; Quantachrome Instruments; Boynton Beach, FL). The diameter and length of the dispersed SWCNTs was 44 nm (range, 15-152 nm) and 0.69 mm (range, 0.18-3.3 mm), respectively. Bulk SWCNTs were immersed for 30 min in an ethanol-based aqueous solution, which assisted in hydrophilizing SWCNTs using a planetary ball mill at a rotating speed of 450 rpm (P-6, FRITSCH; Idar-Oberstein, Germany). Next, fructose was added to the treated SWCNTs to assist in the milling and debundling of SWCNTs, and the mixture was ground for an additional 30-60 min using a planetary ball mill. The SWCNTs were filtered through a membrane filter (1.0-mm pore size), and the fructose on the surface was washed away with hot water. The recovered SWCNTs were dispersed into an aqueous solution of 0.5 mg/mL Triton X-100 by ultrasonication for 30 min using a homogenizer (Branson Ultrasonics, Danbury, CT). The suspension of SWCNTs was separated, and the constituents were classified by centrifugation at 3000-20 000 Â g, which were used for the animal tests after the concentration of the SWCNTs in the suspension was adjusted to a maximum of 1 mg/mL. The geometric mean diameter and length of the SWCNTs in the distilled water including 0.1% Triton X-100 was 44 nm and 0.69 mm, respectively. The Fe content (13 700 ppm) in the dispersed SWCNTs was measured using inductively coupled plasma mass spectrometry (ICP-MS) (Morimoto et al., 2012b) .
Animals
Nine-week-old male Wistar rats purchased from Hokudo Co., Ltd. (Sapporo, Japan) were stratified into three groups (n ¼ 6 per group per time point). SWCNTs were intratracheally administered into rats in a single injection (0.2 mg or 0.4 mg SWCNT per rat). The vehicle control groups were administered 0.1% Triton X-100 per rat. After intratracheal instillation treatment, rats were housed within polycarbonate cages at a controlled temperature of 22 C with a chow diet ad libitum, and were dissected at 3, 7, 30, 90, 180, 365 and 754 days post-instillation. Lungs of anesthetized rats were perfused with physiological saline, excised and subjected to morphological observation, histopathological findings and comprehensive gene expression microarray analysis. All procedures and animal handling were performed according to the guidelines described in the Japanese Guide for the Care and Use of Laboratory Animals as approved by the Animal Care and Use Committee, National Institute of Advanced Industrial Science and Technology, Tokyo, Japan.
Experimental design
SWCNTs (0.2 mg or 0.4 mg) were suspended in 0.4 mL of 0.1% Triton X-100 in distilled water. Each material suspension was intratracheally instilled one time in rats. After the instillation, the viability and general condition of the rats were observed once a day until dissection. The body weight of each rat was measured before instillation and at 3, 7, 30, 90, 180, 365 and 754 days postexposure. The average rat body weight before the instillation treatment was approximately 270 g. Measurements of the organ weight of the lung, liver and brain in six rats per group at each time point were performed at 3, 7, 30, 90, 180, 365 and 754 days post-exposure. Three groups were analyzed: the vehicle control (0.1% Triton X-100 per rat; vehicle control) and SWCNTs in the low-dose (0.2 mg SWCNTs per rat; L-SWCNT) or high-dose (0.4 mg SWCNTs per rat; H-SWCNT) groups. The animals were dissected at 3, 7, 30, 90, 180, 365 and 754 days post-exposure.
RNA extraction and DNA microarray
The right lungs (n ¼ 4 per group per time point) were homogenized using QIAzol lysis reagent with a TissueRuptor (Qiagen; Tokyo, Japan). Total RNA from the homogenates was extracted using the RNeasy Midi Kit (Qiagen) following the manufacturer's instructions. RNA was quantified using a NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific Inc.; Waltham, MA), and the quality of the samples was monitored with the Agilent 2100 Bioanalyzer (Agilent Technologies; Santa Clara, CA). Cyanine-3-labeled cRNA was prepared from RNA using the One-Color Low RNA Input Linear Amplification PLUS Kit (Agilent Technologies) according to the manufacturer's instructions, followed by RNeasy column purification (Qiagen). Each labeled cRNA probe was used separately for hybridization to a Whole Rat Genome Microarray 4 Â 44 K (G4131F; Agilent Technologies), and hybridization was performed at 65 C for 17 h. Hybridized microarray slides were washed according to the manufacturer's instructions and were scanned with an Agilent DNA Microarray Scanner (G2565BA; Agilent Technologies) at 5-micron resolution. The scanned images were analyzed numerically using the Agilent Feature Extraction Software version 10.7.3.1 (Agilent Technologies).
Microarray data analysis
Normalized data were analyzed using GeneSpring GX version 11.5.1 software (Agilent Technologies). Log fold-changes represent the ratio of the normalized intensity values of SWCNTexposed lung samples to the normalized intensity value of vehicle control lung samples. Genes displaying log fold-change values equal to or greater than 1 were considered to be upregulated genes, whereas those displaying values equal to or less than À1 were considered to be downregulated genes. Gene expression data for each of the experimental groups were deposited in the Gene Expression Omnibus database (Accession number GSE50664; http://www.ncbi.nlm.nih.gov/projects/geo/). The web-based application GOstat (http://gostat.wehi.edu.au/) was used to identify statistically over-represented GO terms (Beissbarth & Speed, 2004) with the Rat Genome Database (RGD: http://rgd.mcw.edu/). Differences between the control and experimental groups were evaluated using the unequal variance Welch t test, which is suitable regardless of whether two groups have similar or dissimilar variance. p Values less than or equal to 0.05 were considered statistically significant.
Validation of gene expression data using quantitative real-time polymerase chain reaction Total RNA was transcribed into cDNA (High-Capacity RNAto-cDNAÔ Kit; Life Technologies, Tokyo, Japan). Quantitative real-time polymerase chain reaction (qRT-PCR) assays were performed using TaqMan (Single Tube TaqMan Õ Gene Expression Assays; Life Technologies) according to the manufacturer's protocol. All experiments were performed in a StepOnePlusÔ Real-Time PCR Systems (Life Technologies). All expression data were normalized to endogenous control 18S rRNA expression.
Histopathology and immunohistochemistry
After the rats were sacrificed, their lungs were rapidly removed in a cold room and processed for histopathological studies or biochemical analysis. Next, lung tissues were fixed in 4% buffered paraformaldehyde, followed by embedding in paraffin, and the sections were stained with hematoxylin and eosin or Masson's trichrome staining. The digital images of each lung section focused on the alveoli, alveolar wall, bronchiole and the vessels for histopathological evaluation.
Immunohistochemical analysis was performed in paraformaldehyde-fixed paraffin sections by staining with rabbit monoclonal anti-matrix metalloproteinase 12 (MMP12) (Abcam; Cambridge, UK), rabbit monoclonal anti-MMP7 (Cell Signaling Technology, Inc.; Danvers, MA) or mouse monoclonal anti-osteopontin (SPP1) (Novus Biologicals, LLC; Littleton, CO) in Tris-buffered saline (TBS) following deparaffinization. Antibody binding was detected by using horseradish peroxidase-conjugated with biotinylated secondary antibody and developed with 3,3 0 -diaminobenzidine (DAB).
Statistical analysis
All numerical values are represented as the mean ± SD. Statistically significant differences between the data for the treated samples and the untreated controls were determined by analysis of variance (ANOVA) using the Dunnett or Steel test for multiple comparisons.
Results
Body and lung weight and general condition
Statistically significant differences in the body weights of experimental animals were observed between the H-SWCNT group and the vehicle control group at 3 days (p50.05), 180 days (p50.05) and 365 days (p50.01) post-instillation ( Figure 1 ). By contrast, statistically significant differences in lung weight were not observed between any of the experimental groups and the vehicle control group (data not shown). No clinical signs, such as abnormal behavior and irregular respiration, were observed during the observation period in any of the groups. The total number of deaths observed was the following: one in the control vehicle group, two in the L-SWCNT group and three in the H-SWCNT group. In the control vehicle group, a rat that experienced a reduction in body weight was slaughtered at 704 days post-instillation. In the L-SWCNT group, a rat that experienced a reduction in body weight and a rat with swelling in the nasal region were slaughtered at 506 days and 704 days post-instillation, respectively. In the H-SWCNT group, three rats that experienced a reduction in body weight were slaughtered at 459, 569 and 587 days post-instillation, respectively.
Anatomical observations
The SWCNT aggregates (black patches) were observed around bronchi or bronchioles in dissected lungs in both of the SWCNT groups during the observation period, while no obvious morphological changes were observed in the vehicle control group. The appearance of the SWCNT aggregates resulted in a timedependent decrease in each group (Figure 2 ). Histopathological findings of lungs stained with hematoxylin and eosin showed that fine granular substances, which were phagocytosed by persistent alveolar macrophages, were observed in the alveoli, alveolar wall and bronchioles in both SWCNT groups during the observation period (Table 1 and Figure 3) . Persistence of macrophages laden with SWCNT aggregates as granular substances was observed in the alveolar walls and alveoli at three days post-instillation in both SWCNT groups ( Figure 3B1 and C1), at seven days postinstillation in both SWCNTs groups (Figure 3B2 and C2) and at 30 days post-instillation in the L-SWCNT group ( Figure 3B3) . However, inflammatory cell infiltration was barely discerned in each of the experimental groups. A pale-pink fibrin deposition was observed in pulmonary alveoli at 30 days post-instillation in the H-SWCNT group ( Figure 3C3 ). Persistence of macrophages laden with SWCNT aggregates as granular substances was observed in the alveolar walls and alveoli at 90 days post-instillation in the L-SWCNT group ( Figure 3B4 ). The proliferation of collagen fibers in the persistent alveolar macrophage-containing granuloma around the sites of SWCNT aggregates was observed at 90 days post-instillation in the H-SWCNT group ( Figure 3C4 ). Macrophage-containing granuloma or foamy alveolar macrophage-containing granuloma around the sites of SWCNT aggregates was observed at 180 days post-instillation in the L-SWCNT or H-SWCNT group, respectively ( Figure 3B5 and C5). Persistent macrophage-containing SWCNT aggregates as granular substances were diffusely localized in the alveolar walls and alveoli at 365 or 754 days post-instillation in both SWCNT groups ( Figure 3B6 , C6, B7 and C7). Masson's trichrome staining confirmed the absence of fibrotic lesions in each of the experimental groups (Supplementary Figure 1) .
Gene expression analysis
Comprehensive analysis of gene expression profiles was performed using a DNA microarray. The numbers of significantly expressed genes at each time point, including overlapping sequences between L-SWCNT and H-SWCNT groups, are shown in Figure 4 . The number of upregulated genes markedly increased at seven days post-instillation, followed by a gradual decrease up to 180 days post-instillation. The number of upregulated genes increased at 365 days post-instillation. These results suggest that there existed a transition period between 180 and 365 days postinstillation in the gene expression profiles. Therefore, we displayed the time-dependent change in statistically overrepresented GO terms of genes upregulated by H-SWCNTs. As a consequence of this transition, inflammatory response-associated GO terms were significantly overrepresented ( Table 2 ). The GO categories involved in the ''inflammatory response'' (GO: 0006954), ''chemotaxis'' (GO: 0006935), ''leukocyte chemotaxis'' (GO: 0030595), ''leukocyte migration'' (GO: 0050900), ''defense response'' (GO: 0006952), ''immune system process'' (GO: 0002376) and ''cell proliferation'' (GO: 0008283) displayed extremely low p values [synonym: high-log (p value)] until 180 days post-instillation in the H-SWCNT group ( Figure 5 ). On the other hand, the p values were very high at the 365-or 754-day post-instillation periods. The GO categories with extremely low p values [e.g. inflammatory response (GO: 0006954) and chemotaxis (GO: 0006935)] were not overrepresented at 365 or 754 days post-instillation (data not shown). These results suggest that gene expression profiles associated with inflammatory response were Figure 3 . Micrographs of lung tissue from a rat exposed to SWCNTs at 3, 7, 30, 90, 180, 365 and 754 days post-instillation. After the rats were sacrificed, the lung tissues were fixed in 4% buffered paraformaldehyde, followed by embedding in paraffin, and the sections were stained with hematoxylin and eosin.
dramatically altered after 180 days post-instillation. Overall, a negative correlation between the numbers of upregulated and downregulated genes was observed at each time point. Downregulated genes were unable to be classified into defined GO categories based on the extremely low p value obtained in this study (data not shown). A list of selected expressed genes involved in the inflammatory response after intratracheal instillation with SWCNTs is shown in Table 3 . Genes encoding for the complement proteins C1qa, C3 and C4bpa involved in the innate immune response exhibited high-level induction until 90 or 180 days post-instillation in both SWCNT groups. In the L-SWCNT group, several genes were highly upregulated until 90 days post-instillation, including the chemokine (C-C motif) ligand gene, Ccl2 (encoding for monocyte chemotactic protein 1, MCP1), Ccl3 (encoding for macrophage inflammatory protein 1 alpha, MIP-1a), Ccl7 (encoding for monocyte chemoattractant protein 3, MCP-3), Ccl9, Ccl12, Ccl17 (encoding for small inducible cytokine subfamily A member 17, SCYA17), Ccl22 (encoding for SCYA22), the chemokine (C-X-C motif) ligand gene, Cxcl2 (encoding for cytokine-induced neutrophil chemoattractant 3, CINC-3; macrophage inflammatory protein 2, Mip-2), Cxcl3 (encoding for cytokine-induced neutrophil chemoattractant-2, CINC-2) and Cxcl5 (encoding for granulocyte chemotactic protein 2, GCP-2). These genes were also upregulated by highdose SWCNT up to 180 days. This result indicates that the regulation occurred in a dose-dependent manner. Alpha-1-acid glycoprotein 1 (encoded by Orm1), an acute-phase reactant protein, was markedly upregulated until 180 days post-instillation. Concomitantly, no representative genes involved in the inflammatory response were upregulated at 365 or 754 days postinstillation in either SWCNT group.
A list of selected expressed genes involved in the response to oxidative stress and apoptosis after intratracheal instillation with SWCNTs is shown in Table 4 . The genes Hmox1 and Sod2 exhibited a similarly high expression pattern until 90 days postinstillation in both SWCNT groups, but the expression returned to nearly baseline levels at 180 days post-instillation. However, other representative genes involved in the response to oxidative stresssuch as the genes Cat, Gpx1, Gpx3, Gss and Sod1 -were scarcely altered in all time points. The expression of Lcn2, which encodes a member of the lipocalin superfamily with diverse functionsincluding regulation of inflammatory responses, control of cell growth and development, tissue involution and apoptosis -was markedly upregulated until 180 days post-instillation in both SWCNT groups. Overall, none of the representative genes associated with apoptosis displayed a high degree of induction in either of the SWCNT groups. Other representative genes involved in apoptosis, such as the Casp1, Casp2, Casp3, Casp4, Casp7, Casp8 and Casp12 genes encoding members of the cysteine-aspartic acid protease (caspase) family, were barely altered in all time points. DNA microarray and qRT-PCR assays demonstrated that genes were markedly upregulated during the observation period in the H-SWCNT group (Table 5 ). The expression levels of the genes Ctsk, Gcgr, Gpnmb, Lilrb4, Marco, Mreg, Mt3, Padi1, Slc26a4, Spp1, Tnfsf4 and Trem2 were persistently upregulated in a dosedependent manner until 365 days post-instillation. In addition, the expression levels of Atp6v0d2, Lpo, Mmp7, Mmp12 and Rnase9 were significantly upregulated until 754 days post-instillation. The representative persistently downregulated genes involved in the inflammatory response, oxidative stress and apoptosis are not presented (the Gene Expression Omnibus database, Accession number GSE50664).
MMP12, MMP7 and SPP1 immunostaining
Several genes were markedly upregulated during the observation period in the H-SWCNT group (Table 5) , including the genes encoding macrophage metalloelastase (Mmp12), matrilysin (Mmp7), and secreted phosphoprotein 1 (Spp1). These persistently upregulated genes may act as potential biomarkers in the chronicphase response following the acute-phase response in lung tissue after SWCNT instillation. To verify the validity of these results and to observe the localization of these gene products in lung tissue, we performed immunostaining with anti-MMP12, -MMP7 or -SPP1 antibodies, respectively. The induction of MMP12 was observed in bronchial epithelial cells until 30 days post-instillation and in alveolar macrophages during the observation period in both SWCNT groups. Furthermore, MMP12 was markedly induced in foamy alveolar macrophages at 90 days post-instillation ( Figure 6 ). By contrast, no induction of MMP7 in bronchial epithelial cells or alveolar macrophages was observed during the observation period in either of the experimental groups (data not shown). One likely explanation is that MMP7 was induced, but not at detectable levels. Finally, SPP1 was induced in alveolar macrophages during the observation period in both SWCNT groups, and was markedly induced in foamy alveolar macrophages at 90 days post-instillation (Figure 7) .
Discussion
Several studies have reported histopathological findings of granuloma formation in mouse or rat lungs after intratracheal instillation in SWCNTs. Lam et al. (2004) investigated the toxicity of SWCNTs using mice exposed to three different types of SWCNTs at two concentrations (0.1 mg or 0.5 mg) by intratracheal instillation. The mice were toxicologically assessed 7 or 90 days post-instillation. The SWCNTs studied generated persistent epithelioid granulomas (associated with particle agglomerates) in the 0.5 mg SWCNT groups and induced dosedependent interstitial inflammation (Lam et al., 2004) . Warheit et al. (2004) used intratracheal instillation to expose rats to SWCNTs (nominal diameters of 1.4 nm and lengths 41 mm) at concentrations of 1.0 mg/kg or 5.0 mg/kg, and evaluated their effects at 24 h, one week, one month and three months postexposure. A transient inflammatory response in the lung (observed up to one month post-exposure) and dose-independent, non-uniformly distributed multifocal granulomas were observed (Warheit et al., 2004 ). In addition, Kobayashi et al. (2011) used intratracheal instillation to expose rats to highly pure SWCNTs at concentrations of 0.04 mg/kg, 0.2 mg/kg or 1.0 mg/kg and evaluated their effects at three days, one week, one month, three months and six months post-exposure. Consequently, inflammatory cell infiltration in the alveolus and granuloma were observed up to three months post-exposure (Kobayashi et al., 2011) . Chou et al. (2008) reported that SWCNT-induced pathogenesis in the lungs of mice was observed in both early (i.e. less than three days) and late (i.e. 14 days) responses. During the early response phase, the histological data revealed an increase in macrophage infiltration and formation of SWCNT-loaded, foamy-like macrophages in the alveolar space, whereas no significant granuloma formation occurred. The pulmonary granulomas could be identified primarily after one week of SWCNT treatment, and profound multifocal granulomas were observed after 14 days (Chou et al., 2008) . The granulomas may display unique histopathological signs of toxicity for SWCNTs, although the mechanisms involved in granuloma formation remain unclear. Lam et al. (2004) suggested that CNTs were capable of inducing granulomas in mice or rats; their findings, together with a report from Warheit et al. (2004) , are suggestive of a fundamental difference between the unique physicochemical properties of CNTs and those of carbon black, i.e. granulomas were not observed in rodents exposed to carbon black. The investigators proposed that granulomas could impair cellular and physiological (gas exchange) lung functions, generating fibrosis, more defined nodules and additional lesions (Lam et al., 2004) . In addition, granuloma formation around the activated macrophages may play a role in protecting the surrounding host tissue from destructive chronic inflammation. Alveolar macrophages appear to initiate SWCNT-induced pathogenesis through SWCNT phagocytosis, followed by the release of a variety of cytokines to recruit distinct immune cells and granuloma formation (Chou et al., 2008) . In this study, the persistence of alveolar macrophage-containing granulomas was observed around the SWCNT aggregate sites following fibrin deposition at 90 days post-instillation in the H-SWCNT group. On the basis of the aforementioned studies, we suggest that the histopathological signs of our study resulted from a transition period from the acute-phase to the subchronic-phase response in SWCNTs, a transition period that was estimated to occur at 90 days post-instillation in the H-SWCNT group.
Next, we addressed the time-dependent changes in gene expression profiling in connection with the histopathological results, proposing a transition model for gene expression patterns in the pulmonary region after intratracheal instillation with SWCNTs. Gene expression data showed that upregulated genes were statistically overrepresented in GO categories involved in ''inflammatory response'', ''chemotaxis'' and ''defense response'' until 90 days post-instillation. In addition, representative genes (e.g. C1qa, C3, C4bpa, C4bpb, Ccl2, Ccl3, Ccl7, Ccl9, Ccl12, Ccl17, Ccl22, Cxcl2, Cxcl3, Cxcl5 and Orm1) involved in the inflammatory response were upregulated at 90 days post-instillation in the H-SWCNT group. The gene expression profiles suggest that pulmonary acute-phase response persists up to at least 90 days after intratracheal instillation in this experimental setting. We previously reported that some genes were identified as potential biomarkers in acute-phase responses after intratracheal instillation with C 60 fullerenes in lung tissues (Fujita et al., 2010) . Interestingly, the C3, C4bpa, Ccl2, Ccl3, Ccl7, Ccl9, Ccl22, Cxcl2, Cxcl3, Cxcl5, Ccr4 and Orm1 genes were all upregulated in response to C 60 fullerene treatment in the acute phase (seven days post-instillation) in a dosedependent manner, which overlapped with those of representative genes upregulated in the H-SWCNT group until 90 days postinstillation. It is likely that these genes were specifically expressed by carbon-based nanomaterials. To address this issue, gene expression profiling data for other nanomaterials should be evaluated in future studies and the selected genes should be individually examined. Table 5 . Selected list of markedly up-regulated genes during the observation period in the L-SWCNT and H-SWCNT group. The Hmox1 and Sod2 genes were upregulated until 90 days post-instillation, but their expression levels returned to nearly baseline at 180 days post-instillation. The Hmox1 and Sod2 genes may be upregulated by SWCNTs as an anti-oxidative defense factor occurring during lung injury in the acute-phase period. Hmox1 gene expression in rat lungs was increased during the acute and chronic phases of crystalline silica or chrysotile asbestos exposure (Nagatomo et al., 2006 (Nagatomo et al., , 2007 . We previously observed changes in the expression of Hmox1 and Sod2 genes in response to exposure to ultrafine nickel oxides (Fujita et al., 2009b) . However, the expression of genes involved in the oxidative stress response by SWCNTs has not been reported in in vivo animal tests. In order to better understand the role of the expression of genes involved in the oxidative stress responsespecifically, SWCNT-induced apoptosis -further information regarding the in vivo mechanisms of SWCNT action is required.
The Atp6v0d2, Lpo, Mmp7, Mmp12 and Rnase9 genes were markedly upregulated during the observation period. It has been reported that Atp6v0d2 is an essential component of the osteoclast-specific proton pump that mediates extracellular acidification during bone resorption (Wu et al., 2009) . At the transcriptional level, RNase9 was expressed in a wide variety of tissues (Liu et al., 2008) . However, the mechanism responsible for pulmonary inflammation was unknown. Rnase9 expression was upregulated by C 60 fullerenes, with expression levels that were positively correlated with the dosage of C 60 fullerenes at six months post-instillation (Fujita et al., 2010) .
We previously reported that the Mmp12 and Mmp7 genes were persistently expressed at high levels for six months post-instillation in the presence of 1.0 mg C 60 fullerenes (Fujita et al., 2010) . It is noteworthy that the upregulation continued for six months post-instillation. These results suggested the existence of a long-term effect of C 60 fullerene particles on the pulmonary interstitium, both on the alveolar septa in a restricted sense and on the interstitial spaces of the lungs in a more general sense. Similarly, Mmp12 and Mmp7 were markedly upregulated by SWCNTs during the observation period in this study. Furthermore, induction of MMP12 was observed in bronchial epithelial cells until 30 days post-instillation and in alveolar macrophages during the observation period in both of the SWCNT groups. MMP12 was markedly induced in foamy alveolar macrophages at 90 days post-instillation. Histopathological findings showed the presence of persistent macrophages laden with SWCNT aggregates as granular substances in the alveolar walls and alveoli during the entire observation period in both SWCNT groups. Proteolytic degradation and remodeling of the extracellular matrix (ECM) components by MMPs is essential for recovering from cellular damage (Shapiro, 1998) . We surmise that the alveolar macrophages, which are activated by phagocytosis of SWCNT aggregates, constitutively induce MMP12 and MMP7 secretion to degrade ECM components in the alveoli for remodeling during the observation period.
SPP1 [also known as osteopontin (OPN)], a secreted chemokine-like protein that is a member of the small integrinbinding ligand N-linked glycoprotein (SIBLING) family, is synthesized by multiple cell types, including osteoclasts, activated T cells and activated macrophages. Spp1 genes were markedly H-SWCNT DOI: 10.3109/17435390.2014.921737 upregulated by SWCNTs until 365 days post-instillation in the H-SWCNT group. Furthermore, SPP1 induction was observed in bronchial epithelial cells during the observation period, although little is known about the biological role of SPP1 in severe lung injury. However, Takahashi et al. (2001) demonstrated a dramatic increase in SPP1-expressing cells after instillation of bleomycininduced fibrosis in mice. SPP1 may function as a multifunctional protein with cytokine/chemokine-like properties, as well as a fibrogenic cytokine that promotes migration, adhesion and proliferation of fibroblasts in pulmonary fibrosis in response to SWCNTs.
Conclusions
Several investigators have demonstrated that CNTs are capable of eliciting toxicity, including the initiation of an acute, neutrophil-driven inflammatory response, oxidative stress, granuloma formation and fibrosis. Therefore, broad conclusions may be postulated regarding the mechanisms underlying CNT toxicity (Johnston et al., 2010) . We, in this study, illustrated an approach in investigating CNT toxicity using time-dependent changes in gene expression, together with histopathological and immunohistochemistry findings, to propose possible underlying mechanisms in pulmonary post-intratracheal instillation with SWCNTs. This study suggests that gene expression profiling provides valuable insight for integration of each toxicological endpoint. Furthermore, gene expression profiling data may be applicable for multiple distinct organs of the same species, providing a useful bridge between in vitro and in vivo testing. Moreover, gene expression profiling using GO analysis could prove to be beneficial for comparative analyses between different species.
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